Advancements in airborne LiDAR analysis technology have made it possible to quantify forest resource volumes based on individual trees, and such technology may soon replace field surveys. Unlike individual tree detection or tree height measurements, diameter at breast height (DBH) is difficult to determine directly from measured data and is instead estimated indirectly using the correlation between crown size and DBH. Indicators that represent crown size include crown area, surface area, length, and length ratio, and were utilized with tree height as explanatory variables in ten combinations to determine a regression formula. DBH and tree height calculated from the regression formula were applied to an equation to calculate stem volumes of individual trees. Airborne LiDAR measurements were taken using ALS50-II and ALS60 (Leica) at a density of 4 points/m 2 . An evaluation of the relationship between the regression formulae and DBH estimates indicated that a combination of crown area, tree height, and crown ratio for Japanese cedar, and a combination of crown area and tree height for Japanese cypress, yielded the highest coefficients of determination. The average error and RMSE were 6.9% and 2.38 cm respectively for Japanese cedar, while the corresponding values for Japanese cypress were 8.35% and 2.51 cm. Once the relationship was extended to the stem volumes of individual trees, the average error was 14.4% and RMSE was 0.10 m 3 for Japanese cedar. The corresponding values for Japanese cypress were 18.9% and 0.10 m
Introduction
Remote sensing can be employed to efficiently survey forest resources. Research using airborne LiDAR has made significant progress recently. For example, Li-DAR can be used to determine the location and tree height of individual trees based on their crown height, which is represented by the unevenness in crown size (Hyyppa, 2001; Oono, Numata, & Hirano, 2008; Popescu, Wynne, & Nelson, 2002) . Individual tree detection is most suitable to conifers because identifying individual crowns is easier than in the case of broad-leaved trees. Importantly, there is a possibility that such detection from laser-based analysis could replace field surveys in Japan, where the percentage of conifers exceeds 50%. This applicability for Japanese cedar and Japanese cypress is crucial, as they constitute approximately 70% of all conifers. However, to utilize the method as a substitute for field surveys, estimations of diameter at breast height (DBH) and stem volume are needed in addition to information on the number of trees and tree height.
While DBH cannot be measured directly from airborne remote sensing data, studies have reported a correlation between DBH and crown diameter (Bechtold, 2004; Hemery, Savill, & Pryor, 2005) , and it is possible to indirectly estimate DBH based on remote sensing data. For example, one study used crown diameter and tree height as variables for spruces and pines to estimate DBH using aerial photographs (Hall, Morton, & Nesby, 1989) . A comparison of the results from 12 models showed that DBH estimates can be accurate. A Japanese researcher reported a method for estimating average DBH per hectare from forest data (e.g., tree height and sparsity) and topographic information (e.g., slopes and altitude, obtained from aerial photographs for major tree species, including Japanese cedar and Japanese cypress) (Nakajima, 1973) . To estimate DBH using airborne LiDAR, subsequent studies have estimated DBH by combining characteristics such as crown area and length to determine the relationship between tree crown size and tree height (Verma, Lamb, Reid, & Wilson, 2014; Yao, Krzystek, & Heurich, 2012) .
While these studies have shown that several explanatory variables can be used to estimate DBH, explanatory variables appropriate for Japanese cedar and Japanese cypress from airborne LiDAR are unknown. In addition, few studies have considered the potential utility of the regression formula used for estimating DBH as a general expression that can be applied across a broad study area, such as an entire prefecture. Therefore, this study considered a regression formula suitable for DBH estimates of Japanese cedar and Japanese cypress, and its use over a broad area. Thus, this work considers appropriate explanatory variables for estimating DBH by performing regression analyses using multiple explanatory variables, such as crown sizes, obtained from airborne LiDAR analysis.
Airborne LiDAR used to estimate stem volumes, an important aspect for managing forest resources sustainably, is broadly divided into two methods. In the first, the stem volume is estimated by performing a regression analysis that given area; these are known as distribution-based approaches (Heurich, Persson, Holmgren, & Kennel, 2004; Takahashi et al., 2008; Yao, et al., 2012) . The other method uses individual-tree-based approaches, in which stem volume is computed by applying tree heights obtained from individual tree detection and DBH estimates obtained from LiDAR analysis to an existing stem volume equation (Heurich, et al., 2004; Hyyppä et al., 2005; Persson, Holmgrem, & Söderman, 2002) . Distribution-based approaches are problematic while using airborne Li-DAR as a substitute for conventional field surveys because the stem volumes of individual trees cannot be obtained; this information is obtained from field surveys. To address this problem, this study calculated stem volume based on individual trees, and considered the possibility of assessing resources using airborne LiDAR analysis as a substitute for field surveys. In addition, the study considered the impact of multiple DBH estimates obtained from DBH regression analyses for stem volume estimates, and aimed to identify explanatory variables for DBH estimation appropriate for the estimation of stem volume.
Methods and Data

Study Site and LiDAR Data
The study area spans 64,000 ha of planted forest in Saga Prefecture, and consists of Japanese cedar and Japanese cypress, which occupy approximately 67% of the forest area. Most soil in Saga Prefecture is derived from granites in the northern mountainous areas and central part of the prefecture, and lands appropriate for afforestation of Japanese cedar are distributed predominantly over this area.
Japanese cypress forest is distributed predominantly in the east where the soil is dry. Clayey soils are distributed predominantly across the southern part of the prefecture, which is appropriate for Japanese cypress. Higashi Matsuura Peninsula is unfavorable for tree growth because of the broad manifestation of basalt lava flow over the plateau, and the soil is strongly clayey with shallow surface soil. Japanese cedar and Japanese cypress dominate Saga Prefecture, and both are major tree species in planted forest. Their complex soil environments provide an advantage in the quantity of forest resources that can be obtained under diverse conditions. ALS50-II and ALS60 from Leica were used as the airborne LiDAR in this study. LiDAR measurements were taken between July and November 2011 in the Eastern and Western districts. The Eastern district has 483 courses, and the Western, 624 courses, totaling to 1107 courses. The LiDAR measurement density was approximately 4 points/m 2 for both districts.
In the Eastern district, flight height above ground was 800 -1500 m, velocity with respect to the ground was 252 km/h, pulse rate of the laser was 68,000 -80,000 Hz, scan rate was 54 -58 Hz (54 -58 two-way scans per second), field of view (FOV) was ±12˚ -14˚, beam divergence was 0.22 mrad, and side overlap ratio was 50%. However, measurements were taken at two different altitudes, high and low, in the Western district. For the low altitude measurements, flight height above ground was 1000 -1450 m, velocity with respect to the ground was 222 km/h, pulse rate of the laser was 60,000 Hz, scan rate was 35.9 Hz, field of view was ±18˚, beam divergence was 0.22 mrad, and side overlap ratio was 60%. For high altitude measurements, flight height above ground was 1231 -1981 m, velocity with respect to the ground was 203 km/h, pulse rate of the laser was 31,000 Hz, scan rate was 46.2 Hz, field of view was ±12.5˚, beam divergence was 0.22 mrad, footprint size was 27 -44 cm, and side overlap ratio was 60%.
A Digital Canopy Surface Model (DCSM) composed of pulses reflected on the canopy surface and Digital Elevation Model (DEM) composed of pulses reflected on the ground surface were created with a 50-cm grid size based on the obtained airborne laser measurement data. The difference between the DCSM and DEM was computed to derive the (Digital Canopy Height Model (DCHM). Figure 1 shows the data used to estimate DBH and individual tree stem volume in a flow chart of the study. Based on locations of the vertexes of individual trees detected using the method in Oono et al. (2008) , and an indicator that represents the unevenness of the crown surface, called the crown shape index (Oono et al., 2008) , crowns were delineated using the Watershed algorithm (Soille, 2013) . This index was used as the crown area of an individual tree. In addition, crown length, length ratio, surface area, and volume were calculated and utilized, along with tree height, as explanatory variables in the DBH estimates. Field survey results were divided into ten groups of Japanese cedar and Japanese cypress. For nine of the ten groups, regression analyses were performed to estimate DBH. Here, to identify explanatory variables appropriate for estimating DBH, one to three indicators were selected from six indicators for the regression analysis that estimated DBH, for a total of ten patterns. Ten patterns of regression formula 
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where V is the stem volume of an individual tree (m 3 ), d is the DBH (cm), and h is the tree height (m). Table 1 is a list of field survey results.
In addition, 129 plots of Japanese cedar and 126 plots of Japanese cypress from the field survey were divided into ten groups with 12 -13 plots per group, which were used for regression analysis and cross validation. Table 1 shows the field survey information for the divided groups. The average DBH (the objective variable in the regression analysis) per group was 24.6 -27.3 cm for Japanese cedar and 20.2 -23.5 cm for Japanese cypress, and the results for both did not deviate by more than 3 cm. The standard deviation was 3.0 -5.6 for Japanese cedar and 3.7 -5.4 for Japanese cypress. These results indicate that the regression formula can be evaluated under similar conditions due to the small deviation. 
Explanatory Variables Used in the Regression Formula to Estimate DBH
For the regression formula to estimate DBH, six explanatory variables were prepared, including tree height, and indicators of crown size, including crown area, surface area, volume, length, and length ratio. For h (m), individual tree height determined using the method described in Oono et al. (2008) Crown length Cl (m) was calculated from the difference between the maximum and minimum DCHM values within a single crown area. Figure 3 shows an example calculation of crown length. In addition, using tree height h and Cl, the crown length ratio Cr (%) was calculated using Equation (3). ) were calculated assuming that tree crowns are conical. Based on the approach shown in Figure 4 , the crown surface area was calculated from crown area and crown length using Equation (4). Crown volume was calculated using Equation (5). where θ is the center angle (˚) of the sector from conical tree crown, R is the radius of conical slope length (m), and r is the radius of the bottom of the cone (m).
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Regression Analysis and Stem Volume Calculation Methods to Estimate DBH and Validate the Accuracy
The regression analysis was validated ten times using ten-fold cross validation, and ten patterns of regression formula were developed each time. A total of 100 regression formulae were developed. Nine of the ten groups of field survey plots (Japanese cedar: 116 -117 plots, Japanese cypress: 113 -114 plots) were used to develop regression formulae, and the remaining group was used to validate accuracy. Equation (6) was used to determine the regression formula, which was based on the allometry theory (Ketterings, Coe, van Noordwijk, Ambagau', & Palm, 2001; Nielsen, Aldred, & MacLeod, 1979) .
Where X represents individual explanatory variables. Ten patterns of regression formula were considered using combinations of one to three explanatory variables hypothesized as ideal to estimate DBH. X 2 and X 3 were not used for cases in which only one explanatory variable was applied.
Combinations of explanatory variables across ten patterns are shown in Table  2 , which were based first on tree crown size, and then combined with tree height. The tree crown height information, including tree height, crown length, and crown length ratio were combined with crown area.
DBH, the objective variable of regression formula, was calculated using the average value from field survey plots. The average value was calculated per plot for individual tree crown area, an explanatory variable, obtained from LiDAR analysis, and a regression analysis was performed using the average survey plot value. DBH for an individual tree was computed by substituting the group explanatory variable preserved for accuracy validation into the regression formula with the highest coefficient of determination; the accuracy was validated by Crown area Tree height Crown length ratio calculating the average plot DBH. Using this validation process, ten regression formula patterns were obtained from the 100 patterns.
To calculate the stem volume of an individual tree, the volume equation Table 3 and Table 4 show the results from ten regression analysis patterns using ten-fold cross validation for Japanese cedar and Japanese cypress. A high coefficient of determination (corrected R 2 ) was found for the crown surface area, volume, and area for regression formula using a single explanatory variable for both Japanese cedar and Japanese cypress. The coefficient of determination increased in regression formulae 4 -6, where tree height was added, although the differences in coefficients of determination were not significant, all ~0.7. In contrast, for regression formulae 1 -3, only a single explanatory variable was used.
DBH Estimates Using Tree Crown and Height Data, and Individual Stem Volume Estimates
DBH Estimates
However, compared to regression formula 1, which used crown area alone, the coefficient of determination did not improve in regression formula 7, wherein the crown length was added to crown area and yielded a similar value, while the for Japanese cypress, albeit not as much as when tree height was added. In regression formulae 9 and 10, where crown length and crown length ratio were added to crown area and tree height (regression formula 4), respectively, the coefficient of determination improved compared to regression formula 4 for both Japanese cedar and Japanese cypress; however, the p-value of the power of crown length or crown length ratio, β3, exceeded 0.05.
Regression formula Equations (1)- (6) and (9)- (10) for Japanese cedar, and Equation (10) had p-values less than 0.05 across all evaluations in a ten-fold cross validation; these equations utilized a combination of crown area, tree height, and crown length ratio also yielded the highest coefficients of determination. The p-values were less than 0.05 across all evaluations for regression formulae 1 -6 and 8 for Japanese cypress and Equation (4), which utilized crown area and tree height; these yielded the highest coefficients of determination.
The adjusted R 2 can be calculated using the following equation:
Here, n is the sample size, p is the number of explanatory variables, and R 2 is the coefficient of determination. Table 5 and Table 6 show the results comparing field survey values and DBH estimates using ten-fold cross validation. Out of the ten groups, the average, minimum and maximum values were calculated for the group used for validation and compared with the field survey results; the average error (difference in absolute value from the field survey was subtracted and averaged), correlation coefficient R, and RMSE were also calculated. The average, minimum and maximum values of average, minimum, maximum, average error, correlation coefficient and RMSE of ten-fold cross validation are shown in the tables. Regression formula 10, which used crown area, tree height, and crown length ratio as explanatory variables yielded the highest coefficient of determination with respect to DBH estimates for Japanese cedar; however, the minimum, maximum and average DBH values obtained from ten-fold cross validation were similar to values obtained using regression formula 9. The average error, correlation coefficient, and RMSE were also nearly identical to results obtained from regression formula 9, where the average of average errors was 7.3%, the average of the correlation coefficients was 0.877, and the average of the RMSEs was approximately 2.40 cm.
However, regression formula 4 using crown area and tree height as explanatory variables yielded the highest coefficient of determination with respect to DBH estimates for Japanese cypress; nonetheless, a comparison with regression The average DBH was 24.8 cm for Japanese cedar, which was 1 cm smaller compared to 25.8 cm in a field survey, while the average DBH was 21.1 cm for Japanese cypress, 0.9 cm smaller compared to 22.0 cm in a field survey. These results showed that DBHs were calculated as slightly smaller than the actual results for both species. Equations (8) and (9) are the resulting DBH regression formulae using the average value of the coefficient obtained from ten-fold cross validation of regression formula 10 (Japanese cedar) and regression formula 4 (Japanese cypress)
where the coefficients of determination were the highest. Both are used to estimate the stem volume of an individual tree as an average coefficient regression formula. 
where DBHs is the DBH of a Japanese cedar (cm) and DBHh is the DBH of Japanese cypress (cm).
Using the average coefficient regression formulae (Equations (8) and (9)), DBH was calculated at an individual tree level. The average DBH was calculated for the survey plot, and the correlation coefficient, average error, and RMSE obtained from a comparison of the minimum, maximum, average, and standard deviation of the average DBH per plot and calculated field survey, as shown in Table 7 . The average DBH from the field survey and LiDAR analysis are compared graphically in Figure 5 . The average DBH was 25.8 cm in the field survey and 24.8 cm from LiDAR analysis of Japanese cedar, while the average DBH was 22.0 cm in the field survey and 21.1 cm from LiDAR analysis of Japanese cypress. Both LiDAR results were underestimated compared to similar field surveys results obtained. The correlation coefficient was 0.86 for both cedar and cypress, the average error was 6.9% and 8.3% and RMSE was 2.38 cm and 2.51 cm for cedar and cypress, respectively, showing the high degree of accuracy of DBH estimates. However, the maximum average DBH obtained by LiDAR analysis was 4.2 cm for Japanese cedar and 5 cm for Japanese cypress, which was smaller compared to the field survey. Figure 5 shows that the coefficient of approximation obtained from the scatter plot was 1.0174 and 1.0498 for Japanese cedar and Japanese cypress, and the DBH obtained from LiDAR analyses were nearly identical compared to field survey results. As shown, there is also a high degree of correlation in the estimate results. Table 8 and Table 9 show the average individual stem volumes in the surveyed plots calculated using the DBH volume equation. This equation was based on the individual tree height measured by LiDAR analysis and regression formulae obtained from ten-fold cross validation.
Individual Stem Volume Estimates
The average single tree volume, minimum volume, maximum volume, correlation coefficient R, RMSE, and average error, which is calculated by dividing the difference (absolute value) of the field survey by the results of the field survey and calculating the mean, were calculated from the verification group, as shown in Table 5 and Table 6 .
While regression formula 10 resulted in the highest coefficient of determination in estimating DBH for Japanese cedar, equations 4, 9, and 10 were nearly was greater compared to Japanese cypress. Table 10 shows the calculated minimum, maximum, mean, and standard deviation values for the average individual stem volume, which was calculated using DBH Equations (8) and (9) with trees included in the survey plot. In addition, the correlation coefficient, average error, and RMSE were calculated by comparing with results from the field survey. Compared to the field survey, the values were underestimated for both Japanese cedar and Japanese cypress, as was the case with the ten-fold cross validation, where the average value of the average individual stem volumes were 0.04 m 3 and 0.05 m 3 for cedar and cypress, , respectively. The average error for Japanese cypress was 18.9%, which was greater than Japanese cedar; however, the correlation coefficient was 0.88 and 0.91 for cedar and cypress, respectively, and the RMSE was 0.10 m 3 for both species. A graph comparing the average individual stem volumes for the field survey and LiDAR analysis is shown in Figure 8 . The coefficient of approximation obtained from the scatter plot was 0.9438 for Japanese cedar and 1.1011 for Japanese cypress, which suggests that cypress tends to be underestimated. There is a high degree of correlation between the stem volume calculated using LiDAR analysis and the average individual stem volume from the field survey. Figure 8 . Average stem volume calculated using the average coefficient regression formula (left: Japanese cedar, right: Japanese cypress).
Discussions and Conclusions
To consider an alternative method to field surveys, this study utilized individual tree detection to establish a regression formula effective for estimating DBH using a ten-fold cross validation. Regression formulae to estimate DBH were tried with ten patterns of equations, using combinations of one to three explanatory variables. The stem volume for an individual tree was estimated from the obtained DBH and tree height, and the results were compared with those from a field survey. While estimating DBH, the coefficient of determination for the regression formula improved as the number of explanatory variables increased; the estimation accuracy also improved, especially after adding tree height. Compared to regression formulae that used crown area, the coefficient of determination was smaller for equations that used the crown surface area or crown volume due to the calculation methods for crown surface area and volume. This study assumed a conical shape for the crown shape to calculate the crown surface area and volume, which are likely to have been affected by differences in the actual crown surface area and volume values. In particular, the crown length shortens on the side and lengthens on the valley side, and the error increased when calculating the crown surface area and crown volume. The p-value was not less than 5% for regression formulae 7 and 8 for Japanese cedar and formulae 7, 9, and 10 for Japanese cypress; their common feature was the p-values for crown length or crown length ratio was not less than 5%. In addition, neither crown length nor crown length ratio had a significant contribution on the DBH estimates. Furthermore, there were no significant differences when comparing the coefficient of determination for regression formula 1, where crown area alone was used as an explanatory variable, and formulae 7 and 8, where crown length and crown length ratio were added to crown area, as shown in Table 3 and Table 4 . However, the crown length and length ratio values may change by accurately measuring crown surface area and volume. Therefore, an accurate understanding of the shape of the tree crown and their contributions as explanatory variables are future challenges.
For explanatory variables to estimate DBH, the coefficient of determination was the highest for a combination crown area, tree height, and crown length ratio for Japanese cedar, and a combination of crown area and tree height for Japanese cypress. While there were differences in explanatory variables used for the cedar and cypress, crown length, maximum crown length, and standard deviation of the cedar shown on Table 1 were greater than the corresponding values for cypress by an average value of 0.4 m, 1.2 m, and 0.3, respectively, which were likely affected by large crown lengths and variations in values.
By comparing the field survey results with those obtained from the average coefficient regression formula equation, the RMSE was 2.38 cm and error rate was 9.2% for DBH of 13 -39 cm (average DBH 25.8 cm) plots for Japanese cedar, while the RMSE was 2.51 cm and error rate was 11.4% for DBH of 12 -37 cm (average DBH 22 cm) plots for Japanese cypress. Compared to past studies where the error was 4.6 cm and error rate was 10% for DBH of 10 -70 cm (Yao et al., 2012) , or error of 13 cm and error rate of 17% for DBH of 28 -84 cm (Verma et al., 2014) , this study yielded error rates that were similar or slightly smaller, despite the differences in studied tree species and range in DBH values.
Because an average value of survey plots was used for objective variables and explanatory variables in regression analysis, the smallest DBH was greater than the value of an individual tree while the largest DBH decreased. Therefore, for the range in values applied to the regression formula for estimating DBH, the accuracy estimates for the minimum and maximum DBH decreased. As shown in Figure 6 and Figure 7 , the number of trees increased with smaller DBH value obtained through LiDAR analysis compared to the value obtained from the field survey, and the number decreased with larger DBH value.
While it was difficult to understand the position of every tree from the field survey, terrestrial laser-based measurement systems have made progress in recent years, and determining tree positions with a GIS has become easier. A challenge for the future is utilizing this technology, and applying a regression formula based on an airborne LiDAR analysis using the DBH of an individual tree To calculate the average individual tree stem volume, regression for mulae with p-values < 5% were considered, and formulae 4, 9, and 10 yielded similar results for Japanese cedar. For Japanese cypress, regression formula 4 calculated the stem volume with the highest accuracy. In addition, a comparison of the average individual stem volume resulted in an average error of 14.4% for Japanese cedar and 18.9% for Japanese cypress. Because DBHs are generally calculated conservatively, the average individual stem volumes were also smaller by approximately 0.05 m 3 for both tree species compared to the results obtained from the field survey. The error was greater for Japanese cypress compared to Japanese cedar potentially because of the crown shape. While an individual Japanese cedar has an independent crown, Japanese cypress crowns overlap with adjacent ones, which makes determining crown shape relatively more difficult, thereby affecting the estimation accuracy. The crown shape also affects the precision of individual tree detection, and given that the error for individual tree detection used in this study was 7.0% for Japanese cedar and 9.8% for Japanese cypress (Ogawa, Kira, Hikichi, Oono, & Wachi, 2013) , Japanese cypress is likely to have a greater margin of error when calculating the average stem volume. Therefore, improving the accuracy of individual tree detection is also an important problem for estimating individual stem volume.
Based on our study findings, we propose that the regression formula for estimating DBH can be applied across the entire Saga Prefecture in Japan, and determined crown area and tree height are effective explanatory variables for the regression formulae based on the results from DBH and stem volume estimations. Through airborne LiDAR analysis, the study also showed that the DBH can be estimated with an error of <3 cm from a single regression formula for both Japanese cedar and Japanese cypress. Additionally, stem volume can likely be estimated with an accuracy of <20% based on calculations of stem volume using the tree height and DBH of individual trees.
